Introduction
[2] Since the release of the 4th Intergovernmental Panel on Climate Change (IPCC) Summary for Policy Makers from Working Group I (The Physical Science Basis) and Working Group II (Impacts, Adaptation, and Vulnerability), global warming policy has risen to the top of political agendas around the world. Both subsequent and prior to the release of the IPCC 4th assessment report (AR4), individual cities, states, provinces and countries have begun discussing, and in some case passing, legislation requiring specified greenhouse gas emissions reductions over the next several decades. One of the key targets that is emerging in policy discussions is the reduction by year 2050. Table 1 provides a list of examples from several states and countries.
[3] While there are no formal targets agreed to by the United States, three pieces of legislation have been proposed which call for cuts ranging from 65% relative to 2000 levels to 80% relative to 1990 levels ( [5] The context for such proposed reductions is often loosely justified as comprehensive coupled atmosphereocean general circulation models have typically examined only the climatic consequences of specified atmospheric CO 2 concentration (as opposed to emission) stabilization pathways [Meehl et al., 2007] . While the specified atmospheric CO 2 concentrations are often derived from simple off-line carbon cycle models, and so include implicit carbon cycle feedbacks, these atmosphere-ocean general circulation models do not include dynamic carbon cycle subcomponents. As a consequence, most climate model simulations have not allowed for internal carbon cycle/climate feedbacks which add up to 1.0°C 21st century warming to some of the higher proposed emission scenarios [Meehl et al., 2007] . It has therefore not been possible to assess the internal consistency of proposed global emissions reductions, potential policies aimed at limiting the magnitude of warming and atmospheric levels of greenhouse gases. The purpose of this contribution is to provide a detailed analysis of the effects of specific 2050 emission reductions targets using a model which has undergone extensive evaluation as part of international model intercomparison projects [Friedlingstein et al., 2006; Stouffer et al., 2006; Weber et al., 2006; Meehl et al., 2007] . A similar approach was taken earlier by Wigley [1998] with respect to the climate implications of the Kyoto Protocol.
Experimental Design
[6] We use the University of Victoria Earth System Climate Model version 2.8 (UVic ESCM) which is a model of intermediate complexity with horizontal resolution of 1.8°Â 3.6°. It consists of a vertically integrated, energymoisture balance, atmospheric model, coupled to the MOM2 ocean general circulation model with 19 vertical levels and a dynamic-thermodynamic sea-ice model [Weaver et al., 2001] . The terrestrial carbon model is a modified version of the MOSES2 land surface model and the TRIF-FID dynamic vegetation model Matthews et al., 2005] . Ocean inorganic carbon is based on the OCMIP abiotic protocol. Ocean biology is simulated by an ecosystem model of nitrogen cycling [Schmittner et al., 2005; Oschlies and Garçon, 1999] [Gregory et al., 2005; Stouffer et al., 2006] . In addition, the model was used as an assessment tool in the IPCC AR4 [Meehl et al., 2007] . The computational efficiency of the model is such that it allows us to conduct numerous sensitivity experiments which would be more difficult to perform in coupled atmosphere-ocean general circulation models.
[7] Meehl et al. [2007] examined the range of equilibrium climate sensitivities for models participating in the IPCC AR4. They found that a normal fit led to a central estimate of 3.3°C with a 5% -95% confidence range of 2.1-4.4°C. Stott et al. [2006] , on the other hand, used three coupled atmosphere ocean general circulation models to develop probability distributions of transient climate response (TCR). From these they estimated a median transient climate response of 2.1°C with a 5 -95% confidence range of 1.5-2.8°C. The climate sensitivity of the UVic model is 3.5°C with a TCR of 2.0°C, putting it in the middle of model-based ranges.
[8] The UVic ESCM was integrated to equilibrium under year 1800 radiative forcing (atmospheric CO 2 concentration of 283.9 ppm). The model was then integrated forward to the end of year 2005 by prescribing the observed atmospheric CO 2 profile (with 2005 having an average concentration of 379.6 ppm). The climatic effect of land-use change over the 20th century was accounted for by changing specified surface albedo in regions of pastures and croplands ]. We did not explicitly add land use carbon emissions. Over the last year of the integration, we diagnosed the total emissions required to maintain the observed level of CO 2 from the net increase in total global carbon. The diagnosed value of 9.0 gigatons of carbon per year (GtC/year) compares extremely well with a recent estimate of total anthropogenic emissions (that includes contributions from land use change) of 9.1 GtC/year averaged over -2005 [Marland et al., 2006 Houghton and Hackler, 2002] . Our approach allowed us to calculate the highly uncertain land surface emissions consistent with the observed atmospheric CO 2 concentration.
[9] After 2005 a number of specified global emissions scenarios were applied. These scenarios all assumed that contributions to radiative forcing from sulfate aerosols and greenhouse gases other than CO 2 remained fixed throughout the simulations. An alternate way of viewing this assumption is that any increase in anthropogenic non-CO 2 greenhouse gases is balanced by an increase in sulphate aerosols (or some other negative radiative forcing). This assumption should be viewed as conservative since many future emission scenarios project decreasing sulphate emissions and increasing emissions of non-CO 2 greenhouse gases. Today, the atmospheric concentration of the six anthropogenic greenhouse gases (CO 2 , CH 4 , N 2 O, SF 6 , HFCs, PFCs) covered by the Kyoto Protocol is about 430 ppm CO 2 -equivalent. The net global anthropogenic radiative forcing turns out to be close to that which arises from 380 ppm CO 2 , with the difference (À50 ppm CO 2 -equivalent) being attributed to all other anthropogenic effects including nonKyoto greenhouse gases and cooling associated with sulphate aerosols. [10] In each of the 9 sensitivity experiments, we examined the effects of a hypothetical international policy option that linearly cut emissions by some percentage by 2050, and maintained emissions constant thereafter until the year 2500 ( Figure 1a) . Our motivation for undertaking these experiments is to try and understand the climatic consequences of the various 2050 emissions reduction targets being discussed or proposed internationally. This also allows us to develop an understanding of the future warming and sea level rise commitment as a consequence of these hypothetical reductions. We recognize that our baseline case of constant 2006 emissions is substantially more optimistic than the IPCC SRES scenarios, some of which have 2050 emissions at more than double 2006 levels. Our use of this baseline provides for an easy comparison with the level of emissions reductions currently being discussed internationally.
Results and Discussion
[11] The various emissions pathways lead to atmospheric carbon dioxide levels at 2050 ranging from 407 ppm to 466 ppm, corresponding to warming relative to 1800 of between 1.5°C and 1.8°C (Figure 1b , c; Table 2 ). As the 21st century progresses, the atmospheric CO 2 levels and warming begin to diverge between emissions scenarios, and by 2100 the range is 394 ppm to 570 ppm, with a warming of between 1.5°C and 3.6°C. None of the emissions trajectories lead to an equilibrium climate and carbon cycle at 2500, although the 90% and 100% emissions reductions have atmospheric CO 2 levels which are leveling off. Of particular note is that by 2500, the 100% emissions reduction scenario leads to an atmospheric CO 2 level below that in 2006 level, although global mean surface air temperature is still 0.5°C warmer than in 2006 (1.5°C warmer than 1800). In all cases sea level rise due to thermal expansion continues well beyond 2500. Of course, our simulations do not account for contributions from glacier of continental ice sheet melting and so sea level rise would be much greater than that simulated here.
[12] The results of our experiments underscore the conclusion of the IPCC AR4 [Meehl et al., 2007] wherein the global mean climate change over the next several decades is very similar for the various emissions scenarios. That is, we find only 0.3°C less warming, 59 ppm less CO 2 in the atmosphere and 2 cm less sea level rise due to thermal expansion, when we compare the climate at 2050 in the case where emissions are maintained at 2006 levels, to the case when emissions drop to zero at 2050. Towards the end of the century, differences between scenarios begin to magnify leading to more dramatic changes as the warming and sea level commitments are slowly realized.
[13] All simulations that have less than a 60% reduction in global emissions by 2050 eventually break the 2.0°C threshold warming this century. Particularly disturbing from a policy perspective is that even if emissions are eventually stabilized at 90% less than 2006 levels globally (1.1 GtC/year), the 2.0°C threshold warming limit advocated by the European Commission is eventually broken well before the year 2500. While we recognize that other models will have slightly different responses, as noted by the IPCC AR4, differences in global mean temperature between models are quite small over the next several decades. In addition, the climate sensitivity and transient climate response of the UVic model fall in the middle of estimated ranges. In the context of the present model, our analysis implies that if a 2.0°C warming is to be avoided, direct CO 2 capture from the air, together with subsequent sequestration, would eventually have to be introduced in addition to 90% global carbon emissions reduction targets for 2050. 
